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A.BSTR  iCT 


A  method  for  representing  a  grove  of  trees  by  an  imperfect 
dielectric  slab  is  developed  and  illustrated..  The  method  considers 
leaves  as  conducting  bodies  and  bark  and  wood  as  dielectric  bodies 
using  artificial  dielectric  and  dielectric  mixture  theory  to  compute 
the  rial  part  of  the  dielectric  constant  of  the  proposed  slab.  The 
imaginary  part  of  the  dielectrn  constant  of  the  slab  is  computed 
from  measured  attenuation  data.  The  method  is  illustrated  using 
data  from  a  real  forest  to  compute  the  characteristics  of  an  imperfe 
dielectric  slab. 


I.  INTRODUCTION 


It  is  well  known  that  trc?a  surrounding  a  receiving  antenna  Have 
a  decided  effect  on  received  signal  strength  at  frequencies  above 
approximately  JO  megacycles  per  second.  These  effects  are  known 
qualitatively,  but  l'.ttle  has  been  don,;  to  give  them  a  quantitative  value. 
Quantitative  information  on  the  signal  loss  due  to  tiees  near  the  antenna 
would  be  valuable  for  selecting  an  optimum  receiver  site,  computing  the 
effects  of  a  large  forest  on  wave  propagation,  finding  the  optimum 
antenna  height  at  a  given  location,  the  effect  of  a  forest  on  the  coverage 
area  of  television  stations,  and  other  problems.  Thus,  the  problem  in 
tills  study  is  to  develop  an  appro. imate  mathematical  mod  ,1  of  «  ,;rove 
of  trees  for  use  in  theoretical  calculations  of  field  strength  in  the 
vicinity  if  the  grove  of  trees. 

One  approach  to  the  problem  is  to  represent  the  grove  of  trees  by 
a  random  distribution  of  short  conductors  and  dielectric  bodies  Irom 
which  the  dielectric  constant  is  computed.  The  attenuation  is  then 
determined  from  loss  measurements.  This  is  the  approach  adopted 
for  this  study. 

First,  the  two  principal  tree  types  and  some  of  the  'ier.ipal 
forest  types  in  the  United  States  are  considereo.  They  a:  o  U»  ited 
and  described  in  termi  of  physical  characteristics  such  as  the  names 
and  description  of  major  species  including  size  and  appearance,  A 
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general  d  sc,  iption  of  the  I  -  lr.iudmg  *ueh  thins*  as  shape,  size 

and  some  variations  from  species  to  species  is  presented. 

Second,  a  statistical  description  of  a  fully  stocked  (moderately 
dense)  even-aged  forest  stand  is  presented.  These  statistics  include 
such  things  as  the  number  of  trees  per  acre,  average  diameter  a*, 
breast  height,  basal  area  per  acre,  average  heigh- s,  estimated  or 
measured  volumes  of  wood  an.i  bark  per  acre  as  a  function  of  age  and 
perhaps  th<*  characteristics  of  rhe  site.  These  data  are  used  in  the 
synthesis  of  the  dielectric  slab  model. 

Third,  the  electrical  properties  of  wood,  bark,  a  d  leaves  are 
reported,  They  are  measured  o-  estimated  from  the  phvicul  zt-uciurc 
and  moisture  content  of  the  subject.  Cons'deratior.  is  given  to  such 
factoie  as  frequency  dependence  of  th,  dielectric  properties  ad 
variations  in  the  moisture  content  of  the  wood. 

Fourth,  methods  for  synthesizing  the  electrical  properties  of 
wood,  bark,  leaves-  and  air  into  the  dielectric  properties  of  an  irn- 
perf  -ct  dielectric  slab  are  derived. 

Fifth,  the  method  of  calculation  is  illustrated  by  an  example 
followed  by  a  summary. 

The  dielectric  3lab  concept  is  adopted  because  of  th /t.-upi  >>ty 
of  application  and  the  availability  of  a  suitable  program  for  calc  Idt.o 
by  means  of  a  digital  compu'er. 


11.  GENERAL  REMARKS  ON  FORF3TS 


A  forest  is  a  large  art.**  of  land  covered  by  a  mode  rate  to  dense 
growth  of  trees,  A  forest  may  or  may  not  have  underbrush.  Some 
forests,  for  example,  do  not  even  have  grass  growing  under  the  U'«*oh. 

A  tree  is  a  "woody  perennial,  seed- bearing  plant'  1  "whu  !i  *.t 
maturity  is  20  feet  or  more  in  height,  with  a  oingl»-  trunk,  unbranched 
for  at  l<*rt®t  siivcral  feet  ah n\  *  th'’  ground  ant,  having  a  more  or  less 
definite  crown,"^  This  definition  cannot  be  taken  it  absolute  but  onh 
as  a  guide.  For  example,  some  willow  trees  have  multiple  stems 
while  many  trees  do  not  reach  20  feet  in  height  under  adverse  conditions. 

In  this  study,  a  tree  is  considered  a»  made  up  of  lh*ee  principal 
component#-  -  wood,  bark,  and  leaves.  A  number  of  components  art- 
neglected  by  such  a  division.  These  includ-  the  roots  below  the  ground, 
the  buds,  flowers,  fruit,  and  seed  normally  found  above  ground,  ar.d  the 
cambium  or  growing  layer  between  the  wood  and  bark,  Jt  is  also 
necessary  to  neglect  mmc  variations  within  the  wood,  bark,  and  leaves. 

Foresters  generally  divide  forest  trees  into  two  groups; 

(11  o.'tcrs  or  softwoods,  and  (2)  bruadleaf  tree’  or  burduoods.  There 
arc  some  minor  exceptions  to  the  above  classif'ea' ions  hi,  are 

insignificant  to  this  study,  A  survey  of  the  literature,  fo,  oxa '.ip le, 
shows  that  a  few  comfe”?  exhibit  some  characteristics  like  broadlcaf 
trees  and  vice  versa,  Thcsi  two  groups  of  trees  generally  dilr  -“  in 
crown  form,  Irar-  ’hing  habits,  ar.d  wood  structure  as  well  as  leaf  chape. 
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A.  Conifers 

Conifer  is  a  common  name  foresters  use  instead  of  the 

scientific  name  gymnosperms.  Conifer  literally  means  cone  bearing. 

The  terms  softwoods  and  evergreens  are  also  used  but  these  terms  are 

misleading  since  some  conifers  are  not  evergreen  and  some  softwood 

3 

lumber  is  harder  than  the  lumber  of  some  hardwood;;. 

Most  conifers  tend  t  >  nave  conically  shaped  crowns.  In  the 
forest,  however,  competition  forces  the  crowns  to  be  more  cylindrical 
in  shape,  smaller  in  horizontal  dimensions, and  the  base  of  the  crown  to 
be  located  at  a  greater  height  above  the  ground. 

The  conifers  generally  have  small,  relatively  abc-t,  nearly 
horizontal  branches.  These  branchec  are  usually  of  small  diameter  com¬ 
pared  to  the  trunk  and  do  not  significantly  affect  the  trunk's  diameter; 
i.  e,  ,  the  diameter  above  and  below  a  given  branch  is  approximately 
the  same.  This  structural  form  means  that  almost  all  the  wood  volume 
is  present  in  the  stem  ^  Probably  more  than  80%  of  the  wood  volume  is 
contained  in  the  stem  of  large  trees. 

Conifert,  are  resinous  trees  with  needle-  or  scalc-likc  leaves. 
The  leaves  arc  evergreen  on  most  conifers  but  certain  cyp*"-s*»  tamarack, 

and  larch  shed  their  leaves  in  the  Fall,  The  leaves  may  be  !/...•  -e  singly 
3 

or  in  clusters. 

The  seed  of  most  •  onifers  are,  as  the  name  implies,  borne 
in  cones,  but  the  junipers  be«tr  a  berrylike  seed,  and  the  yew  a  lleshy 
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scarlet  cask.  The  conifers  include  cyf  esses,  pines,  hemlocks,  spruces, 
firs,  cedar,  tamaracks  or  larches,  pinyons,  vews,  junipers,  the  giant 
sequoias  and  redwoods,"* 

The  cellular  structure  of  a  conifer  wood  sample  is  shHwn  ill 
Figure  1.  Up  to  90%  of  the  volume  may  be  occupied  by  "vertically  Oriented, 
thick- walled  dead  cells  (of  cellulose)  varyi”"  in  length  from  0.  b  to  15 
millimeters,"  Transversely,  o.icntcd  wood  rays  are  also  present, 

Note  from  the  figure  that  large,  vacant  volumes  arc  present  wnich  are 
filled  in  the  tree  by  gases  and  water, ^  All  of  these  have  an  important 
effect  in  determining  the  dielectric  properties  of  the  conifer  wood, 

B.  Hardwoods 

Foresters  use  the  term  "hardwood"  instead  of  the  scientific 
name  angiosperms  even  though  palms  and  yuccas  are  angiosperms  but 
not  hardwoods.  Hardwoods  are  also  called  broadleaf  trees  and  deciduous 
trees  but  the  term  deciduous  can  lead  to  confusion  because  a  few  hard¬ 
woods  have  evergreen  leaves,* 

Generally,  hardwood  trees  tend  toward  spherical,  ellipsoidal 
4 

and  cylindrical  crowns.  Their  crowns  tend  to  be  proportionally  larger 
in  horizontal  dimensions  than  the  conifers.  In  the  forest,  •.  •:i;.etii.iou 
causes  the  crowns  to  be  narrower  than  shade  tree  hardwooc  pr.c'ilcs 
indicate. 

The  different  crown  shape  covers  a  different  branching 
structure  in  the  haidwood.  The  branches  of  hardwood  trees  are  relatively 
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large  compared  to  the  trunk.  Thus,  often  the  stem  is  considerably  smaller 

auuve  a  branch  or  circle  of  branches  than  below  the  branch.  Near  the 

k, 

top,  heavy  branching  causes  the  stem  to  lose  in  size  rapidly.  In  many 
species,  the  branch.es  form  an  acute  angle  with  the  trunk  going  upwBfd 
as  well  as  outward.  These  branching  habits  add  up  to  a  smaller  percentage 
of  the  total  wood  being  found  in  the  stem  of  hardwoods,"* 

Hardwood  trees  arc  •  on-  ’•<?3,nous  and  have  broad  leaves.  The 
leaven  may  be  simple  or  compound,  i.e,,  made  up  of  leaflets.  Most 
species  shed  their  leaves  in  the  fall,  i,  e.  ,  are  deciduous,  However,  live 
oaks,  magnolias,  American  holly,  laurel  oaks,  redbay,  laurel  cherry, 
many  small  tropical  and  subtropical  trees,  and  possibly  a  few  other  species 
have  green  leaves  throughout  the  winter.  The  leaves  of  hardwood  trees 
are  net  veined,  the  seeds  are  enclosed  in  a  fruit,  and  the  bark  is  distinct 
from  the  wood  which  has  annual  rings.  The  hardwoods  include  catalpa, 
dogwood,  maples,  ashes,  box  ciders,  buckeyes,  walnuts,  butternuts, 
pecans,  hickories,  mahogany,  locusts,  sassafras,  mulberry,  osago-orange, 
gums,  sycamores,  magnolias,  bays,  tupclos,  persimmon,  holly  basswood, 
elm,  hackborrios,  cottonwoods,  poplars,  birches,  willows,  cherries, 
beeches, chestnuts,  oaks,  aluer,  buckthorn,  madrone  chinquanm,  and 
perhaps  others.^ 

Wood  structure  of  a  hardwoon  is  illustrated  in  Figure  Z.  Its 
structure  is  mo.c  complex  th  ,:i  softwood  structure.  Most  hardwoods 
c  c*  * '  *  r?  in  vc  rlicn !ly  ~  ri ontffd  1 1 b ? 2  */  cj  r*  t.  i  o  i*.  *  * orient-d  v/o c, cl  fibc r s. 


The  cl  •'f  function  of  the  tubes  is  to  conduct  water,  but  some  ol  the  oldei 

tubes  become  blocked.;  Once  again,  a  considerable  volume  of  the  wood 

,  ,  .  6 

is  occup.ed  b>  ir  ana  gases.. 
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III,  I  ;PES  OF  FORESTS 

The  original  forests  covered  about  48%  oi  the'  total  area  of  the' 

7 

United  States  but  this  amount  has  been  reduced  considerably  by 
lumbering  and  clearing  for  agricultural  and  other  purposes,  There 

g 

are  1,132  different  kinds  of  forest  trees  in  the  oiig  '.al  48  static  of 
whish,  over  10 U  arc  of  commercial  importance.  Vmy  other  species 
can  be  found  in  Hawaii  and  Ala -Ha, 

The  forest  classifications  and  locations  used  throughout  this 
report  are  from  Shantz  and  Zon,  who  divide  the  natural  forest  vegeta¬ 
tion  into  12  regions  and  18  subregions.  (The  areas  specitied  as  regions 
"  this  report  were  called  subrep  .ms  by  Shantz  ar.r;  Z''u  ) 

The  western  forest  regions  aic  sprue.,  fir,  western  white  pme  - 
western  lai  ch,  Douglas-fir,  redwood,-  pmyon- juniper,,  chaparral, 
ponderosa  pine  -  sugar  pine  -  incense-cedar,  ponderosa  pine  - 
Douglas-fir,  and  lodgepole  piue.:  The  eastern  forest  regie  ns  are  spruce- 
fir,  northeastern  p".e  not  them  hardwood,  chestnut-chestnut  oak  - 
poplar,  oak-hickory,  jak-pme,  cypress-tupelo  -  sweetgum,  southen. 
pines,  and  mangrove. ^ 

These  regions  may  be  located  by  use  of  the  map  (F  -  :r  3)  with 
more  detailed  data  in  Shantz  and  Zon.'  This  map  is  as  „  ..  utation  < 

,  9 

Shantz  and  Zon's  original  lound  m  Forestry  Handbook 
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IV,  S7  MISi'iCAL  DESCR.'P  1  lO\  OF  FOREST 


In  order  to  approximate  a  forest  b\  a  dielectric  slab  it  is 
necessary  to  know  within  reasonable  limits  how  much  of  the  overall 
volume  represented  by  a  forest  is  occupied  by  wood  and  bark  and  the’ 
number  of  leaves.  This  is  necessary  since  the  dielecirir'  j.-operties 
of  wood,  bark,  leaves  and  a  r  differ 

information  of  this  type  '<■  ootauii  d  E-yin  yn  id  tables  which  pre¬ 
dict  the  wood  available  fi  om  an  acre  of  land  fully  li.gJ  <_J  u  th  tries. 

I  he  se  tables  normally  give  the  "total''  (or  hornet  .me  s  merchantable) 
cubic  feet  of  wooa  in  the  stems  ol  th.  trees  on  an  acre'  ol  land  This 
vield  is  usually  bivon  as  a  functie-  cf  age  me’  site  quality  for  a  particular 
species  of  tree , 

The  vteld  tables  serve  the  reeds  of  the  forester  well  bit  must  be 
modified  to  include  the  wood  and  bark  in  the  branches,  tree  top,  and 
stump  since  these  are  important  m  this  studv.  An  estimate  of  the 
number  of  leaved  must  also  be  made  since  this  data  is  not  normally 
ji  aiiable. 

It  is  beyond  the  scope  ol  tins  paper  to  present  volumes  ol  bark,, 
wood  and  leaf  quantities  fo,  all  important  specie  s,_  but  an  e  sample  will 
be  presented  to  illustrate' the  methods  used  in  compiling*  ,  utori”  ■'  ion 
To  clarity  the  data  to  be  prt  Scnti  •  a  lew  terms  •'ill  be  deltncd 


and  disc  us  see 
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":eld  taoles, which  form  the  basis  ol  the  data  used  in  this  sturi^,. 
ar~  prepared  for  even-aged  stand-,  of  one  species  or'  groups  of  species 
that  are  fully  or  n.-rmaliy  stocked  (fairly  dense)..  Even-aged  means 
that  the  members  of  tin  stand  are  of  about  equal  ag-"  that  is,,  all 
started  growing  within  the  normal  nine  for  natural  replanting.  This 
may  be  one  or  more  years.. 

The  age  of  a  tree  is  expressed  m  years  Ago  is  usually  determined 
b*  uo.  lug  a  sample  out  of  a  tree  at  breast  height  and  counting  the  number 
of  annual  rings.  The  forester  then  adds  the  number  of  years  that  lie 
estimates  it  look  the  tree  to  grow  to  breast  height.. 

The  diameter  at  breast  height  of  a  tree  (d.b.h.)  in  inches  is 
measured  outside  the  bark  at  a  point  4-1/2  feet  above  the  ground..  For 
ellipticaily  shaped  stems,  the  major  and  minor  axis  values  are  averaged. 
The  average  diameter  at  breast  height  in  the  tables  is  the  d,b.h.  of  the 
tree  of  average  basal  area. 

The  number  of  trees  per  acre  (N)  is  a  count  of  all  trees  with  a 
d.:o.,h.,  greater  than  a  certain  value  selected  by  the  investigator 

The  basal  area  (A^)  per  at.-'  in  square  feef  ,s  the  sum  of  the’ 
ar^as  of  all  tree  stems  at  breast  height  (larger  than  a  c-,  ,  ..  ,1..  u.  n.  ) 

on  an  average  acre  of  'and  fully  stocked  with  trees.  Each  t  ••  -  stem  is 

considered  as  a  circle  for  purposes  of  c  ea  caicul-i.it.ris. 
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Dominant  wees  art;  those  with  crowns  extending 
above  the  general  level  cl  the  lurcst  canopy,  receiving  full 
light  from  dbi  vt  anu  partly  from  the  side,  thet  are  larger 
than  the  a' *-ragt  tr;t  n  the  stand  arid  have  cro’""'  that  are 
well  developed  though  they  may  be  somewhat  crowded  on  the’ 
sides.. 

Codominant  trees  are  tt'ose  with  crowns  which  form  the 
g  e  ii«*  j  a  •  level  of  the  forest  canopv  and  receive  full  light  from 
above  but  comparatively  l’ttle  from  the  sides;  thtv  are  usuallv 
trees  with  medium- sized  crowns  that  are  more  or  less  crowded 
on  the  sides 

Intermediate  trees  are  those  with  crowns  below,  but  s  ill 

extending  into  the  general  level  of  the  forest  canopy,  receiving 

a  little  direct  light  from  above,  but  none  from  the  sides,  these 

trees  usually  have  small  crowns  that  are  shaded  on  all  sides 

Overtopped  trees  are  thos-  with  crowns  that  an  entirely 

below  the  general  ‘orest  canopy  and  receive  no  direct  light 

10 

either  from  above  or  trorn  tut  sides. 

The  average  height  of  the  dominant  and  codominant  trees  iH  )  r- 
the  average  of  the  heights  {ground  to  tip)  of  only  the  donna.v  •  .  d  co¬ 

dominant  trees..  The  average’  height  ol  a*,  the  trees  (H^)  includes  all 
lour  classes  ol  tue  same  app?  ximate  age.  Tin  11  ,  lor  example'  v.ould 

cL 

om  if  a  t>  n  year  old  seedling  in  a  f  i  ft  v  year  o  •*  stand,  forest  height  (II.) 
is  a  term  coined  lor  use'  l'l  this  paper  and  is  an  tverage  of  UVe-  average 


1 

height  ->f  the  dominant  arte]  codominant  treca  and  tin  average  t.e.gh''  nt 
nl'  the  trees.  Forest  height,,  thc'.i,  is  an  average  of  the  two  average 
h»'gl  t  ■>  as  del.  ut  t'  aoove.,  Pori.st  height,  at-  "'ill  he  pointed  out  later,, 
is  aiso  assumed  to  be  Tic'  height  of  the  imperfr  ct  d;  'rctric  slaD  bciiifc 
developed  lor  use  in  signal  strength  calculations. 

The  volume  of  wood  in  cubic  feet  (V  '  is  taken  from  tl,  yield  table 
In  some  cases,  the  original  values  should  be  multiplied  in  at  estimated 
Coi  i  oct io.i  factor  in  order  to  obtain  the  total  wood  volume  on  an  acre. 
This  correction  factor  is  based  on  the  structure  of  the  tree  and  the  pans 
of  the  tree  rot  included  in  the  volume  reported  in  the  yield  table. 

The  bark  vc’1  me  m  cubic  feet  (V.  )  per  acre  is  taken  from  the 

D 

yield  table  (with  estimated  corrections  as  above)  or  estimated  using 
experience  gatied  from  other  species  and  various  percentage  values 
found  itt  the  literature.. 

Annual  leaf  fall  (W.  )  in  pounds  and  number  or  leaves  (N,  )  per 

Lt  Lj 

cubic  meter  are  approximations  made  from  meager  data.-  These  leaf 
estimates  are  based  o’<  a  few  reports  on  oven  dry  weight  ot  the  annual 
fall  and  the  average  live  i.te  of  c  ’"af. 

Per  unit  volumes  of  wood  (•  )  and  bark  (v  )  are  o.i.  ou,  taking 

the  base  volume  to  be  Miat  of  a  rectangular  solid  of  1  be’1  ■  ar.  feet 
■  ase  area  and  a  height  equal  to  the  fore  ..  height.. 

A  Stat>  sii-a de  sc -ipt'on  for  loblill^  pine  is  given  in  1.  .Ae  1. 
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’■  should  be  remembered  that  the  figures  given  in  Table  1  are  for 
f"’ly  stocked,  even-aged  pure  stands  with  little  or  no  underbrush  This 
may  giv  >_  some  fe  T  for  understocked  areas,  however.. 

At  the  present  time,  it  is  not  clear  how  to  gef  fhe  best  estimates 
on  understocked  areas.  One  might  assume  that  wood  and  bark  per  uni! 
volumes  are  directly  proportional  to  basal  area  or  can  perils  ->  be 
expressed  as  a  function  of  basal  area.. 


V.  DIELECTRIC  PROPERTIES  OF  WOOD 


Wood  has  long  been  used  as  a  dielectric'  material,  ».  <.  ,  dry 
wood  or  wood  with  a  low  moisture  content.  The  moisture  content  is 
normally  reported  as  a  per  cent  of  the  uieii  dry  weight  of  wood, 

Expressed  mathemat ieally 

W  •  WJ 

mc  =  100  i ^  ;  (U 

dry 

v,!'ere  MC  ^  moisture  content  m  per  cent  \b>  weight) 

W  -  weicht  of  tile'  Allot!  when  'wet',,  i  o'  ,  In  fore 
wet 

ovt  n  drying 

Wdry  =  weight  of  wo  -d  when  "ovt  n  dr;  " 

The  wood  (i.e.,  seasoned  lumber)  used  to  build  houses,  turi  >ture, 

etc.,  has  a  moisture  content  of  approximately  o  to  1 4  per  tent  depending 

on  the  metl  od  of  seasoning  and  the  relative  humidity  where  it  is  seasoned 
14 

and  used.  However,  this  studv  is  <  nice  rued  with  living  wont! 

Wood  winch  has  "1st  been  cu'  is  referred  to  as  grton  wood  Green 
wuud  initially  has  the  same  weig.-.t  physical  structure,  ana  moisture 
content  as  livi.ig  wood.-  Omy  the'  '.re  sete.  e'  ot  growth  prut  d.  ,u  nisi 

the  living  wood.  Theretore,,  it  is  reasonable  to  as«"."' e  n  i'  ,  e  W,U)(| 
and  living  wood  are  electrically  identic? 

1  -l 

Moistur*  ti  Ui  til'  lur  jjiiin  wood  are  ataiLble  in  Wood  Handbook 
It  is  -immediately  oovieas  from  studying  this  info,  mat  ion  tha'  i„  -ge 
quantities  ol  water  are  p-t  sent  m  the  wood  i  t  a  h\ing'tr--e 


-  M- 


10 


* ; 

T  jkocLi  J  and  Stamm  ’  *  nave  suggested  that  the  water  present 
in  timber  be  grouped  in  three.  class,- s 

(i)  strongly  bound  water  (moisture  content  roughly 
0  to  5  per  cent) 

(i)  weakly  bound  water  or  capillary  absorbed  water 
(moisture  content  roughly  5  to  30  per  cent) 

(3)  nearly  free  water  (moieiun  coutot;  e  i  >  e.io-  rtar. 

30  per  <  c  nt). 

Reported  dielectric  constant  curves  seem  to  indicate  that 
these  classes  change  gradually  from  one  to  another.. 

Bound  water  ts  reported  to  have  much  'ongei  relaxation  time 
than  free  water^  leaning  to  a  lower  dielectric  constant  for  wood  at 
higher  frequencies. 

Wood  definitely  has  anisotropic  dielectric  properties.  The 

dielectric  constant  in  a  direction  parallel  to  the  long  wood  vessels 

(longitudinal)  is  considerably  greater  than  along  a  radius  of  the  tree 

trunk  (radial),  or  tangent  to  the  wood  rings  (tangential),,  or  anv  other' 

direction  porpenc  icular  to  the  wood  vessels  (transverse).. 

18 

Skaar  explained  the  anisotropy  as  follows:- 

The  parnllel-to -grain  constant  ol  wuou  - 

nificantlv  greater  ban  the  corn  spending  perpendicular* 
to-gfai-i  mnstniit.  lie  reason  for  tin?  difference  may 
be  re:  ide  nt  in  the’  l'uridte'  strnctui  of  the  i-’-U  .vul) 


The  cellulose  component  of  cell  walls  consists  of  chain 
molecules  which  are  in  pa  uilel  at  intervals  throughout 
their  length  and  hunce  form  crystallites.  The  long  axes 
of  the  bulk  of  these  crystallites  are  essentially  parallel 
to  th«  long  axes  of  the  cells  of  which  they  are  a  part,  and 
hence  they  are  parallel  to  the  grain  of  the  wood..  On 
sides  of  the  chain  molecules,  hydroxyl  groups  and  water 
molecules  are  so  arranged  that  rotation  or  vibration  may 
occur  more  readily  in  an  electric  field  which  is  parallel 
to  the  crystallites  tnan  in  one  which  is  at  right  angles  to 
them.  The  degree  of  the  rotation  of  the  molecule  in  an 
electric  field  contributes  to  its  dielectric  constant, 

This  may  explain  the  directional  differences  in  the 
dielectrical  constants  as  determined. 

Since  the  media  is  anisotropic,  the  dielectric  consent  of  wood 
to  be  used  can  be  chosen  only  after  consideration  of  the  E  field  direction 
ih  the  forest..  Tree  trunks  can  be  considered  (in  most  cases)  to  be 
vertical  and  perpi  ndicular  to  the  ground.:  Thus,  for  veitiral  polari¬ 
zation,  the  longitudinal  dielectric  constant  is  used..  Sinv’-i.!  ,  for 
horizontal  polarization,  a  transverse  dielectric  constant  ..  -;d.- 

Substitutions  and  estimate  j  will  be  used  where  the  required  information 


is  not  available.. 


21 


c'’aar  reports  that  the  dielectric  constant  of  buckeye  wood 
increases  with  moisture  content  (T.gure  4)..  The  measurements  were 
made  at  2  Mope. 

19 

Hearmon  and  Burnham  report  measurement0  of  the  dielectric 

properties  of  oak  and  Wych  elm.  Figure  5  is  a  plot  of  dielectric  const?  >t 

versus  frequency,  and  Figure  6  gives  the  corresponding  rcsuu:  for  the 

loss  tangent.  Hearmon  and  Burcham  report  dielectric  constants  greater 

•Fir-  ‘10fl  for  low  frequencies.;  These  values  seem  somewhat  high  and  out 

of  line  with  those  reported  by  other  workers.-  They  attribute  their  high 

values  to  "polarization  effects  caused  by  electrolytic  conduction  in  the 
10 

material. " 

20 

Trapp  and  Pungs  reported  on  the  dielectric'  properties  of  a  species 
of  fir  wood  which  is  probably  common  in  Germany.,  Figure  7  shows  that  the 
dielectric  constant  increases  with  moisture  content.  Figure  8  shows  that 
the  dielectric  constant  decreases  with  increasing  frequency  Note  that  at 
high  moisture  contents  and  low  frequeuc.es,  the  dielectric  constant,  of  fir 
wood  approaches  the  dielectric  constant  of  water.  Figures  9  and  10  give  the 
corresponding  loss  tangent  data  'Gpch  shows  that  g.'-een  fir  wood  is  a  very 
lossy  dielectric.;  in  fact,  at  the  lower  frequencies  the  cnr.c!.‘'j.i  cu.r  .nt 
exceeds  the  displacement  current  so  that  it  acts  more  'ike  .  oductor  than 

a  dielectric.. 

T  15 

iakeda  m?  de  measurements  on  basswood  winch  are  of  limited 
\aiue  to  this  study  and  are  i  eadiiy  available  in  the  literature. 


DIELECTRIC  CONSTANT  OF  OAK  AND  WYCH  ELM 


01  ELECT  iC 
CONST  AVT 
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MOISTURE  CONTENT- PERCENT 


DIELECTRIC  CONSTANT  OF  FIR  «.vnoo  AS  A 
FUNCTION  OF  MOIS'iURE  CONTENT 


FIG  ^ 


I  ■< 


LOSS  TANGENT  OF  FIR  WOOD  AS  A 
FUNCiON  OF  FREQUENCY 


FiG  10 


2b 


Th  data  presented  in  detail  in  this  section  were  not  taken  on  die 
Spekes  of  greatest  interest  >n  this  r  ,.dy;  however,;  the  data  indicate  that 
the  dielecUic  pi  ope  -ties  of  green  wood,  whatever  the  species  are  primarily 
dependent  on  moisture  content.  The  wood  structure  of  conifers  and  hard¬ 
woods  dilfers  considerably,  however,  so  it  seems  reasonable  to  use  cornier 
data  to  estimate  the  dielecti-c  properties  where  possible,-  of  coulter  woods 
rather  than  hardwood  data.  The  wood  dielectric  da,a  presently  aeailable 
ar>-  ao  incomplete  that  it  cannot  be  said  whether  speces  to  species  vana- 
t.ons  among  the  conifers  or  among  the  hardwoods  art  significant, 

A  second  possibility  exists  for  the  treatment  of  the  stem  and  branches 
of  trees  in  a  forest  in  determining  the  electrical  properties  of  the  forest. 

The  cambium  layer,;  growth  layer,  contains  a  great  deal  ol  moistu-e  in 
which  there  are  many  dissolved  substances;^  therefore,  it  probably  has  a 
relatively  high  conductivity.  In  this  case,,  it  is  possible  that  the  cambium 
layer  off,  (.lively  forms  a  conducting  sheath  around  the  wood  parts  of  the' 
trunk  and  branches.  In  such  a  case,  the  wood  parts  of  the  true  should  be 
represented  by  conducting  bodies  of  the  same  shapes.  These  shapes  would 
be' approximated  by  conducing  so'.ds  of  simpler  ge..uiel.:,.  s„eh  as  cones, 
cylinders  or  paraboloids,  This  approac.i  to  the  problem  is  n<>t  <  onsulcred 


in  this  paper. 


Vl.  DIELECTRIC  PROPERTIES  OF  BARK 


Dielectric  measurements  on  loblolly  pine  bar!;  were  made  and 
are  reported  in  Figure  r!  The  method  of  measurement  is  described 
in  Appendix  C.  The  results  show  a  decrease  in  dielectric  constant 
with  increasing  frequency.  The  loss  tangent  curve  of  the  oark 
(Figure  12  )  appears  to  be  very  similar  in  shape  to  a  portion  of  the 

20 

loss  tangent  curve  for  fir  wood  (}6%  Vtf.)  given  by  Trapp  and  Pungb 
triyuie  10  j .  The  measurements  on  loblolly  pine  oark  were'  made  m  a 
radial  direction..  It  is  very  probable  that  results  would  be  different  in 
a  longitudinal  or  tangential  direction  due  to  the  layer  structure  of  pine 
bark. 

The  sample  measured  was  taken  from  a  large  loblolly  pine  in 
Bastrop  State  Park,  Texas,  The  sample  extended  from  a  tangent  to 
the  ccmbium  layer  outward  about  4/10  of  an  inch.-  The  measurements 
were  made  in  February,  1963.  It  is  proba  .e  that  somewhat  different 
values  would  be  obtained  at  other  seasons,  relative  humidities,  physio¬ 
logical  condition  of  th.-  tiee,  and  weather  conditions.  For  example,, 
measurements  on  bark  immediate,  v  after  a  rain  would  probably  gn<  a 
higher  dielectric  constant.. 


-  10- 
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iNWSNOr* 
DiH  '.D313IO 


TANGENT  OF  LOBLOLLY  PINE  BARK 


VJf.  T’1  ELECT  RIG  CO\:STA"\I  Of  A  MIXTURE 


Strictly  speaking,  term  dielectric  conitant  can  bi' applied 
only  to  homogeneous  substances.  However,  the  concept  of  a  dielectric 
constant  car  be  successfully  applied  to  mixtures  composed  ol  two  or 
more  substances,^  The  dielectric  constant  of  a  mixture  of  several 
things  can  be  expressed  as  a  function  of  the  uicli-ct  ne  propm  ,.es  of 
each  material  in  the  mixture,  tt'e  geometric  shape'  ot  the  particles  ot 
each  material  and  the  proportion  of  the  total  volume  oc  copied  by  cadi 
material.  Two  limiting  cases  of  a  paiallel  plate  capacitor  with  multiple' 
layers  will  b»  considered.. 

First,  supj.uie  the  planes  o'  d’-j'eotric  layers  are  parallel  to  the 
applied  E  n<  Id  as  shown  in  Figure  Ha.  This  can  be.  considered  as  a 
group  of  capacitors  in  parallel..  Therefore 

cT=  S  +  c2  +  c3  +  c4  +  -  «  +  cn..  U) 

But  for  parallel  p!>te  capacitors 


v;«  a 


where  C  -  ,-apacitance 

K  -  dielectric  constant 

€  -  permittivity  of  free  sp  ee 

o 

d  --  sepa  .  „i.on  between  plates 
A  -  are.'  A  pi.  es 


FIG  13b 


The  above  equation  can  now  be  written 


K  e  A_  K.e  A  K  e  A, 
moT  loi  z  o  2 

- -  - =  - - - + 


K  c  A 
non 


d 


(4) 


Multiplying  both  sides  by  —  results  in 

o 


K  V  =  V,  K  +  V-  K?  +  •  •  +  V  K 

m  T  112  2  n  n 


(5 


where  V  =  volume 

f>..iuing  both  sides  by  V^,  and  let  mg  v.  =  pc:"  unit  volun...  uj  .da 
gives 


K 


m 


=  vlKl  + 


v2K2  + 


v  K 
n  n 


n 


i=! 


<6 


(b 


For  dielectric"  layers  perpeuu  cular  to  the  field  lines,  the' 
effective  condenser  may  be  ronsiue.^d  as  made  up  of  a  senes  .1 
parallel  plate  condensers  (Figure  '  '■.!>).  For  this  ease 


(7) 


as  be''  "-e 


C  = 


f  8) 


thus 


K  c  A 
m  o 


K.t  A,  K,  t  A, 

1  o  1  2  o  i 


K  e  A 

n  o  n 


( q) 


Multiplying  both  sides  by  «  A  ’  ard  simplifying  6ivec< 


(10) 


Dividing  through  by  V^,  results  in 


(11) 


or 


n 

) 

i^l 


v. 

i 

K. 

i 


(lib) 


In  the  examples  considered  in  this  study,  the  distributions  ol 
particles  in  the  medium  are  much  more  complicated  tha»  Hu  two  simple 
cases  illustrated.;  However,  Wiener*”^  has  shown  that  .  eu  v  s 

i 

the  actual  dielectric  constant  lies  between  the  extreme  values  g  veii 


above ,, 
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ll 

Wiener  deri/ed  a  general  equation  for  mixtures.  H'is  set.  of 
general  equations  may  be 


K 

m 

K 


m 


-  K 

n 


+  U 


m 


K.  *  K 


i  n 


K  +  U. 
i  1 


1 12) 


where 


-id 


K  =  dielectric  constant  of  the  mixtnri 
m 


K  =  dielectric  ci  .istant  of  the  medi-’ 
n 


K.  -  dielectric  constant  of  the  difleient  materials 

l 

scattered  throughout  the  media 


v^  =  per  unit  volume  of  the  scattered  materials 


U 

m 


n-1 


K.  +  U 

i  i 


n-1 

Iv« 

i=l 


K.  -  K 
i  n 

K.  +  U." 

i  i 


(13) 


and  U.  is  a  parameter  determined  by  particle  geometry  and  orientation 
fui  simple  cases.  U  has  been  given  for  several  common  shapi  •>  by 
Wiener*^  and  Hartshorn  and  Saxton.^*  See  Table  II. 

It  will  be  noted  that  equation  (12)  reduces  to  equ  itio»  '<'•)'  when 
u  =  oo  and  to  equation  (11)  when  u  =  0.  For  purposes  oi  -;udy,, 
equation  (12)  is  valid  if 


3C 


TABLE  il 

Values  of  U  ':r  ’’se  .n  the  Dielectric 
Mixtures  -  Equation  (12) 


geometrical  shape 

- ■ - r 

orientation 

u  1 

sphere 

any 

n 

circular  cylinder 

perpendicular  to 
field  lines 

e 

n 

thin  discs 

rand  "n 

*  disk 

needles 

random 

l/2(t  n  +  3t  ) 

needle  n 

layers  or  laminates 

plants  of  laminate 
parallel  to  field 

00 

layers  or  laminates 

planes  of  laminate 
perpendicular  to  field 

0 

1, 


and 


2. 


K  <  K  .  <  K  ,  <  K  _,<•••■  K. 
n  n-1  n-2-  n-3  -  1 


n-2 


k  ,  e 

n-l-  - 


">  v.  K.  +  v  K 

k  1  n  R 


1  -  V 


n-l 


04) 


(15) 


Condition  1  can  usually  be  satisfied  by  careful  choice  oi  the  or*'«  r 
of  K  's.;  It  will  be  sho./n  later  that  this  condition  is  also  nod  ,  »■>» 

i 

example  given.  Therefore,  the  mathematical  rest-icfiofts  are  met  and 
formula  (12)  m  : )  oe  used.. 


VI1I.;  ELECTRICAL  PROPERTIES  OF  LEAVES 


Si uce  no  m<-  asuremt'Us  on  in.,  dn  If  u'i(,  pro pc>  t \<  s  of  li  u »  c  s 
were  found  in  the  literature,  approximate  measurements  were  made 
by  the  method  described  lor  the  bark  of  the  tree  in  .Lotion  V]., 

The  high  conductivity  of  the  leaves  and  metal  to  leaf  contact 
problems  made  the  measurements  of  questionable  value.  Vr  ie  the' 
dielectric  measurements  were  not  completely  successful,  they  did 
indicate  that  for  frequencies  up  to  40  megacycle.,  md  pvnhn'jly  higher, 
green  leaves  act  as  conductor?  rather  than  dielectrics,.  This  con¬ 
clusion  is  further  supported  by  the  composition  of  leaves  themselves.; 
Water,  in  which  many  chemical  s;ib«'ances  are  dissolved,  makes  up 
52%  to  7  8%  of  the  total  weight  of  a  green  leaf.°  Apparently,  some  of 
these  dissolved  chemicals  radically  increase  the  conductivity  of  water.. 
Since  the  leaves  are  to  be  considered  as  conducting  bodies  rather 

than  dielectric  bodies,  the  effect  of  the  leaves  must  be  handled  by  means 

23,  24 

of  artificial  dielectric'  theory.  W.  L.  Kock  has  developed  two 

types  of  artificial  dicl.ctric  which  have  some  of  the  radio  frequenev 
properties  of  ordinary  dielectric  mate  rials.. 

The  first  type  has  a  .efracu.e  index  oi  less  than  one  {.,  <  1) 

where 

u  =  .  (171 


-  3  1 


■10 


The  see.  ud  type  of  artificial  dielectrics  is  referred  to  as  metallic  delay 

24 

d.e.ectrics  and  has  a  refractive  iruex  greater  than  l(n  >  1).,  Kock 
describes  the  basic  idea  oi  delay  dielectrics  as  follows:. 

The  artificial  dielectric  material  which  constitutes  the 
delay  lens  was  arrived  at  by  reproducing,  on  a  much  larger 
scale,  those  processes  occurring  in  the  molecules  of  a 
true  dielectric  which  prod  ce  the  observed  delay  ot  electro¬ 
magnetic  waves  in  such  diticctrics,;  Thi-  involved  ai  ranging 
metallic  elements  in  a  three-dimensional  array  or  lattice 
structure  to  simulate  the  crystalline  lattices  of  the  dielectric 
material,  huch  an  array  lespouds  to  radio  waves  juBt  as  a 
molecular  lattice  responds  to  light  waves;  the  free  electrons 
in  the  metal  elements  flow  back  and  forth  under  the  action  of 
the  alternating  electric  field,  causing  the  elements  to  become 
oscillating  dipoles  similar  to  the  oscillating  molecular 
dipoles  oi  the  dielectric.  In  both  cases,  the  relation  between 
the  effective  dielectric  constant  c  of  the  medium,  the  density 
of  tlie  elements  N  (number  pc  unit  volume)  and  the  dipole 
strength  (polarizability  a  of  each  element)  is  approximately 
given  by 

«  t  +  Na  (2) 

o  , 

(IS  m  thic.  study) 

where  e  .s  the  dielectric  constant  of  tree  space, 
o  ‘ 
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There  are  two  requirements  which  are  imposed  on 
the  lattice  structure..  First,  the  spacing  uf  the  elements 
must  be  somewhat  less  than  one  wavelength  of  the  shortest 
radio  wavelength  to  be  transm’tted,  otherwise  d. .Traction 
effects  will  occur  as  in  ordinary  dielectrics  when  the 
wavelength  is  shorter  than  the  lattice  spacing  (X-ray 
diffraction  by  crystalline  substances).:  Secondly,  the  size 
of  the  elements  must  be  small  relative  to  the  ivirurn"rn 
wavelength  so  that  resonance  effects  are  avoided,  The 
first  resonance  occurs  when  the  element  size  is  approximately 
one-half  wav  .i.-ugth.-  and  for  frecucnoies  in  the  vicinity  of 
this  resonance  frequency  the  polarizability  u  ot  the 
element  is  not  independent  of  frequency..  If  the  element 
size  is  made  equal  to  or  less  than  one  quarter  wavelength 
af  the  smallest  operating  wavelength,-  it  is  found  that  r„  and 
hence  e  in  equation  1  (18  in  this  study)  is  substantially  constant 
for  all  longer  wavelengths.; 

Since  lenses  of  this  type  will  effect  ar.  equal  amount  of 
wave  delay  at  all  wave'engtha  v.nich  are  long  cotnpaic.i  ,  iiic 
size  and  spacing  c,  the  objects,  tney  can  be  ae->ite,ie,, 
operate  over  any  desired  wavelengt  band  .  .......... 

Ancth-  wa'  of  It  iking  at  the  wave  delay  produced  ey 
lattices  of  small  conductors  is  to  consider  them  as  ca  put  native 


e>,  menls  which  "load'-1  free  space,  just  as  parallel  capacitors 


on  a  transmission  line  art  a»  loading  elements  to,  reduce  the 
wave  velocity,  Consider  a  charged  parallel  plate  air  condenser 
with  its  electric  Into  of  force  perpendicular  ti  .he'  plates,. 

Its  capacity  can  be  increased  either  by  the  insertion  of 
dielectric  material  or  by  the  insertion  of  insulated  cone  .ting 
objects  between  the  plates  if  the  objects  hav  e  some  length  in 
Liu-  direction  of  the  electric  lines  of  force.  Tuis  ’s  because 
such  objects  will  cause  a  rearrangement  of  the  lines  of  force 
(with  a  consequent  ncrease  in  their  number)  similar  to  that 
produced  -he  shift,  due  to  an  applied  field,  of  the  oppositely 
charged  particles  comprising  the  molecules  of  the  dielectric' 
material.  The  conducting  elements  in  the  lens  may  thus  be 
considered  either  as  r  ortions  of  individual  condensers,  or  as 
objects  which,  under  the  action  of  the  applied  field,  act  as 
dipoles  and  produce  a  dielectric  polarization  similar  to  that 
formed  by  the  rea -rangement  of  the  charged  particles  com¬ 
prising  a  non-polar  dielectr,^-  Either  viewpoint  leads  to  the 
delay  mechanism  observed  i.,  ‘he  focusing  action  of  u.i 
artificial  dielertr’c  lenses  to  be  descr.oed, 

Thus,  Keck  describe0  the  basic  principles  of  artificial  dielectrics. 

Equation  (18)  to  .  computing  f  „  permittivity  of  an  artificial  clieleitric 


is  a  b ■  iiplif ication  01  Oob.e  *1  du’lK'tr  t  theory  .1  ev 1 1 1  be  abed  tn  tins 


study  and  may  be  alternately  wrillen  as 

VQ,  P 

Kit  -  -  1  + - -  (19) 

r.  f  L 

o  o 

where  P  r  polarization  per  unit,  volume.. 

An  artificial  dielectric  affects  the  magnetic  lu-ld  of  a  propagating 
wave  as  well  as  the  electric  Held.  The  magnetic'  field  induces 
currents  in  the  conducting  hndii  *  «.  th  tnt  result  that  the  conducting 
bodies  act  as  magnetic'  dipoles  as  well  as  electric  dipoles.-  I  he' 
effective  permeability  of  the  artificial  dielectric  it  given  by  the  mag¬ 
netic  equivalent  of  equation  (18) 


a  u  +  Na 

O  tie 


(20) 


Ill'S  may  also  be  written 


'  r 


N  a 


1  +  - 


m 


(21) 


whole  (j.  =  permeahi!  •  v  of  a  vacuum 

\'  r  number  of  conducting  object  pe>-  u  volume 

a  magnetic  polarizability  o'  a  sing;  .  ct 

and  p  effective  relative  permeabilitv  of  the 

ar'Ticial  dielectric.- 
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Cince,  in  this  study,  the  leaves  have  been  assumed  to  randomly 
distributed  and  all  orientations  have  been  assumed  to  be  equally  likely, 
an  average  contribution  io  the  total  dielectric  constant  by  each  leaf 
must  be  determined. 

The  average  contribution  of  a  single  leaf  is  determined  by  the 

following  analysis  which  is  a  modification  of  a  derivation  gi>'  n  by 

26 

Bottcher...  Assume  that  all  leaf  orientations  are  equally  probable.. 
Then  the  number  of  leaves  oriented  ir.  a  given  gelid  ang'e  is  directly 
proportional  to  the  solid  angle  enclosed.  Thu  expression  for  a  differ¬ 
ential  solid  angle  dn  in 

dft  =  sine  6  i'j  d 6  '22) 


Then,  the  number  of  leaves  (dN)  oriented  in  a  differential  solid 
angle  will  be  given  by 


dN  =  C  sine  6  dip  d 6 

where  -  a.  constant  to  be  evaluated.; 

If  equation(22)  is  integrate.!  over  a  solid  angle  of  4w 

rr  Z  tt 


N 


C  sine  6  dip  dy 


o  o 

Evaluating! 24)  au a  solving  for  C  gives 


(-53) 


U4) 


C 


_N_ 

4r* 


(25) 
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Thc-re^ure, 


dX 


\  huh.  0 
4rr 


d,s  d f' 


[Zo) 


T Vi t  leases,  lo^picrj  will  be  polarized  by  an  external  E  or  H  field 
and  will  act  as  dipoles..  Since  these  dipoles  will  all  be  set  up  by  an 
external  field  rather  than  betng  pola-  molecules  to  be  rotated  bt  me 
external  field,,  they  will  be  \<  stride.'  in  'hr  0  dm  '.'ion  to  the  range 
<)  <  0  <  7  rather  ihan  being  al  jweH  the  full  U  ra,.ge  from  0  to  tt. 
faking  this  factor  Into  account,  equation  (26)  must  be  modified  to 


N  it 

dN  -  - —  sine  0  dip  d(l  lor  0  <  0  <  — 

C  IT  ^  “2 

-  0  for  J  <  0  <  r  (27) 

Equation  (27)  gives  the  distribution  of  leaf  orientations  to  which 
the  polarizing  field  is  applied.  The  polarizing  E  or  H  field  may  be 
broket,  up  into  t^o  components  lor  disc -shaped  and  needle-shaped 
leaies  For  leaves  shaped  like  discs,  one  component  is  in  the  plane 
oi  the  disc  and  the  second  component  is  perpendicular  to  ‘.lie  plane  of 
the  disc.  F"r  a  needle-shaped  leaf,  cue  component  is  along  the  axis  of 
the  needle  and  the  second  's  p'  rp-.ndu.uiar  to  *h>>  axis  ,f  t F utedle 


(Figure  1-1). 


0 


cross  section  of 
needle  or  disc 


Orientation  of  a  leaf  with  respect  to  the  E  and  H  fields 
F  gun  14 


The  net  electric  polarization  (dP)  oi  leaves  in  a  differential  solid 
angle  may  be  written  as 


i  n 


i'  N  i  ft  ( E  cos  0  ) 

ep 


a  (E  sine  0  ) 
en 


UH) 


where' 


E  is  the  applied  electric  held  :n tensity 


a 

ep 


electric  polarizability  'or  11  tie*  ai.'aiu1!  t"  the' 
ina  r  axis  (or  parallel  to  the'  length)  of  the  oojei  t 


a  -  elec* r . c  polari/.aoilit>  lor  E  field  perpeudicc1  >  r  to  tin 
major  jin(wr  normal  to,  Jie  length)  ot  the  m.ji  it 

uX  *  nuinoer  ot  uo'u  >-izaOlc  object'  m  a  ditto rent  .al  sol.d  t, 


47 


■>'nce  'IN  is  zero  over  ihe  range  —  <  &  <  n,  tlie  integration  if  done 
over  a  solid  angle  of  2ir  instead  o.  fir,  After  substituting  for  dN  and 
setting  up  the  i.it*  gration 

IT 


2  2, 


EN 

2  TT 


a  cos  6  +  a  sine  6  i  Sine  6  dd>  d 0.  (2b) 

ep  en  ^  ' 


o  o 


After  performing  the  <p  integration  and  removing  constant  terms 
hem  the  integrals 

t r/2 

P  =  ENa  \  cos  0  sine  6  d  0  +  KN>' 

ep  J  in 

o 

Hut 

ir/2 

^  sine  0  cos  0  d  0  -  (31) 

o 

v/Z 

\  sme2  0  d  0  -  I  (32) 

J  4 

o 


TT /I 

\  sine2  0  d  0,  (30) 


There  to  re 

a  tt  a 

P  -  EN  '  +  -£a-\  . 

K  Z  4  J 

From  dielectric  theory 
P  -  (K  -  1)  f  F  .. 

Solving  lo»  K, 

P 

"E  ' 

o 


(33) 


(34) 


(33) 


K 


1 


■18 


17  bstituting  equation  (33)  into  equation  (35)  gives 


By  a  similar  derivation,  it  can  be  shown  that 


(36) 


JL 


r 


.. 


ttq 


mp 


4 


+ 


°mn  ] 

2  ! 


(37) 


where 

a  =  magnetic  polarizability  for  H  field  parallel 
to  the  major  axis  (or  parallel  to  tue  length) 
of  the  object 

a  n  =  magnetic  polarizability  for  H  field  pc rpcndicu'ar 
to  the  major  axis  (or  normal  to  the  length)  oi 
the  object 

p  =  effective  permeability  of  the  artificial  dielectric.' 
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Schelkur.off  ai.d  Cohn  have  given  the  electric  a.  d  magnetic 
polarizabilities  of  several  conducting  objects  of  several  shapes.  Eor 
convenience,  some  of  these  have  been  compiled  m  Table  III.  Cautious 
use  of  this  table  -s  necessary  since  the  polarizability  of  in  .«t  >hwwt® 
is  different  tor  different  orientations  of  the  object  witu  to  tile’ 


E  and  H  fields. 


TARLE  III 

PolarizaK'  ic«  of  conducting  Bocnot, 


Shape 

Electric 

Magnetic 

i 

Thin  circular  rod 

i 

4tt«P 

a  is  very  small 

mp 

! 

i 

CP  3  log(f)  -  1 

/ 

1-20*1 

a  =  4i:ca^i 
cn 

a  "  «4ru.a  I 

mn 

_ 

' 

Thin  disc 

lb  3 

a  -  —  c  a 

cp  3 

a  -  O 

mp 

-|2a|- 

i 

a  =  O 
en 

8  3 

a  -  -  --  pa 

inn  j 

IX.,  Mr.  f HOD  FOR  SYNTHESIS  OF  THE  DIELECTRIC  SLAB  - 


CALCULATION  OF  c" 


The  imaginary  part  of  the  dielectric  constant  is  determined  by 

the  use  of  measured  attenuation  data.  This  data  musi  oe  changed 

from  the  form  of  experimental  attenuation  data  to  the  imago.;  ry  part 

of  the  dielectric  constant.  In  order  to  make  tiiis  conversion  certain 

relations  between  a,  p,  «'  and  t"  must  i.  -  known.. 

This  study  is  concerned  with  plane  waves.;  SuiCe  the  p.oposed 

slab  is  imperfect,  the  use  of  Maxwell's  equations  for  conducting 

media  is  indicated..  As  a  result  of  Maxwell's  equations,  Ramo  and 

28 

.Vhinnery  give  .bo  following  formulas  for  the  propagation  constant 
for  plane  waves  in  a  conducting  media: 


and 


where 


c 

c 


1  + 


JUX 


(3b) 


' 1 


a  +  jP 


=  jwj  pe 


(39) 


\  =  propagation  constant 

u  -  attenuation  constant 
p  =  phase  constant 

=  complex  permittivity  of  th*  materi- i 
c  -  aui  permittivity  of  the  material 
it  -  i  ond'.cn/ity  of  the  material 


If- 


Zvi  -  angular  frequency 


J  -  </-’ 

The  complex  permittivity  is  more  commonly  represented  by 


c 


-  J‘ 


140) 


Combining  equations  (38)  and  (40)  and  separating  real  and 
imaginary  p- r' -  r>- salts  in 

t  -  f'  (41) 

and 

<"  -  -2-  .  (42) 

Equation  (39)  may  now  be  rewritten  using  t"  as 


y  -  a  +  jP  =  j  /p(t'  -  jt") 


(43) 


Squarriy  bolt-  side?  and  equaling  real  terms  and  imaginary 
terms  gives 


2  2  , 
p  -  a  -  u  pt 


2ap  =  u  ( " 


(44) 

(45) 


“>  living  (44)  and  (45)  fur  f"  in  terms  oi  C  »'(!  cvgu.-s 


2a  /2 77* 

— -  ,  i .  pe  +  a 


(46) 


«'  '3  determined  by  usii't;  the  methods  described 
liters,  a  is  determined  from  an  equation  given  by 
Attenuation  do/meter  =  1.29  x  10  ^(f 

me 

-  4  0.77 

a  =  1.49x10  ( f  )  nepers/meter, 

me 


in  the  la  st  two 
2  9 

LaGrone., 

(47) 

(48) 


This  completes  the  theoretical  development. 


X. 


AN  EXAMPLE  OF  THE  COMPUTATION  OF  THE  PROPOSED 


DIELECTRIC  SLAB 

In  order  to  illustrate  the  method  a  complex  dielectric  constant  will 
be  computed  for  a  slab  to  represent  Meta's  plot  No.-  i.  '  ^  This  plot 
is  described  as  being  75%  loblolly  pine  and  25%  shortleaf  pn.^  25  yearn 
of  age.  The  basal  area  is  ,,iven  as  192.  6  square  leet  total  with  i92.,  9 
square  feet  oeing  pine«  The  remainder  is  hardwood  but  will  be  considered 
as  pine.. 

The  basal  area  of  each  species  is  computed  assuming  the  75%  and 
25%  to  apply. 

rrr  x  102.6  =  76.9  square  feet  basal  area  oi  lubluuv  ,jine 


_2_5 

109 


x  102.6 


25.:7  square  feet  basal  area  of  shortleaf  pine.. 


the  volume  of  wood  and  bark  present  on  the  acre  will  be  considered 
to  be  directly  proportional  to  the  basal  area.  From  Table  1  at  25  years 
of  age,-  the  basal  area  of  a  fully  stocked  acre  is  found  to  be  144  square 
feet  for  loblolly  pine  and  158  square  feet  for  shortleaf  pine  (from  a 
similar  table). 

Thus,  fur  wood  volume 


76,  9 

144' 


3109 


25.  7 


F  *  5  ft  i 

39  9  ft3 
2945  L3 


loblolly  pine'  wood 


shortleaf  pine'  wood 


158 


>  2499 


woo  i 


Fen  bark  volumes 


425  loblolly  pine  bark 

101  shortleaf  pine  bark 
526  total  bark  ft^ 

The  forest  height  will  be  taken  to  be  the  weighted  average  lor  the 
two  species.  Thus, 

H,  =  ~  (56)  +  (40)  =  52  feet.: 

f  100  100 

The  volume  of  the  slab  is  then 

V  =  (52)(43,  560)  -  2.  265  x  10^  cubic  feet., 

S 


76.  9 
144 


x  800 


25.  7 


158 


-  x  620 


The  per  unit  wood  and  per  unit  bark  for  this  forest  is  determined 


by 


2.  045  x  103 
2,265  x  106 


V.  03  x  10 


Vb  _  (5. 26  x  iQ2) 

^  s  2,.  265  x  10 


2.  32  x  10 


The  number  of  leaves  per  cubic  meter  will  also  be  a  -S  pro¬ 
portional  to  the  basal  area,  thus 


76,  s 
144 


■\  1250  •-  6t  loblolly  put  needles  per  meter 


25.7  i 

\  2410  -  430  shortleaf  pine  needles  per  meter 


give  the  approximate  length  of  the  nine* 


Marlow  and  Hai rar 
needle  as  6  to  9  inches  for  io'ilull,  pine  and  3  to  S  mclies  for  shortleaf 
pine.  Average  va'ues  of  7.:5  inches  and  4  inches  will  be  used  here. 

The  cross  section  o>‘  a  pine  needle  n>  terj  i  lo-e  to  a  120  st-guu  nt 
of  a  circle.  For  simplicity,  fh:s  cross  section  will  be  approximated 
bv  a  c  ircle  of  equal  area.  Measurements  >n  the  laboratory  i-'bcate 
the  diameter  of  this  equivalent  circle  to  be  approximate!)’  .  022  inches., 

Tbi«  completes  the  required  statistical  data.  The  computation 
of  the  dielectric  constant  will  follow  the  procedure  of  considering  the 
dielectric  constant  resulting  from  the  polarization  of  the  leaves  to  be 
the  dielectric  constant  oi  the  media  for  use  it  'he  mixture  formula. 

By  use  of  the  leaf  data  given  above  and  the  formulas  of  Table  I1J 
the  electric  and  magnetic  pr  zabilities  are  calculated.  When  the 
calculations  are  corn.,  led  mt  both  species  it  >s  obvious  that  n 

mp 

a  <  end  a  can  be  neglected/ * 
mu  en 

Evaluating  a  for  loblolly  pine 


i  = 

it  - 


a 

ep 


.  0952  meter  s 
-4 

2.;  8  x  ]0  meters 
4tt  e 

_ o _ 

3  log  ( — )  -  1 
e  a 


S.  S3  V  l'l"4  C 

o 


Detuutions  ar  j  given  on  pages  mci  Jl^ 
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Co  'ider’.nc  only  the  effects  of  a 

ep 


equation  (36)  simplifies  to 


K 


1  + 


Na 

_ £E 


2< 


o 


Since  two  kinds  of  needles  are  considered  and  interaction  is 
neglected 

(668)15,83  x  10‘4  £  )  430  (l.:  «r  x  10'4  «  ) 

K  =  1  + - = - 2-  + 


2« 


2< 


K  =  1  +  .1947  +  .0490  =  1.  2347 


Before  the  example  tan  proceed  further,,  a  frequency  of  operation 
»v'  polarization  must  be  chosen.  A  frequency  nl  30  meeacvcVt;  and 
horizontal  polarization  is  chosen..  It  ;s  well  known  that  losses  will  be 

greater  for  vertically  polarized  signals.. 

,  22 

Using  the  dielectric  mixture  formulas  of  Wiener  the  complete 

dielectric  constant  can  be  calculated,.  From  Figures  8  and  II  the 

dielectric  constants  ?;<■  34  for  wood  and  2.  42  for  bark.  These  values 

and  the  per  unit  volumes  calculated  are  used  m  the  Wiene  formulas 

presented  in  the  methods  chapters,  First  the  wood  and  bark  will  be 

considered  as  cylinders  with  axis  perpendicular  to  the  H  fi<*M  jiving 

U  -  K  -  1.2  347., 
n 


See  page  -■  ’. 


Mow. 


U 

m 


n  ■  1 


z 

1  I 


v  u 
1  1 


t\  *  I 

l _ II 

K  +  K 

l  n 


n  - 1 

z  \ 


-  K 

n 


K  +  K 

l  n 


(49) 


Substituting  in  equation  (49) 


n  =  3 


-4 

Vj  -  9.03  x  '0  per  unit  volume 

.4 

s  2.  32  x  10  per  unit  volume 
Kj  -  34 
K2  -  2,42 

U1  =  U2  "  K3  r  L:2347 


and  evaluating  gives  =  1.2347 

Another  condition  on  the  use  of  quatinn  (12)  must  be  checked. 


K2  ^ 


1 

Z  ViKi+V3K3 
i-1 _ 

1  -  v. 


(50) 


Substitution  in  this  inequality  (50)  g'ves 


l  42  >  1. 2  M. 


Thereto  ,  .  the'  computation  '.an  proceed.  Using  tin  mixture  formu!,-1 


K  -  K  °  1  K  -  K 
n 


\  _l _  J± 

K  +  U  Cj  Vi  K  +"U. 
m  i-l 


(SI) 


1  1 


Substituting  the  values  giver  above  in  (51)  and  solving  for  K  gives 


K  '  i.?3?; 


x  liUa, 


f  =  t"  -  1.2)70;  fa  rads/meter 
o 


Now  using  LaGrone's  equation  (48)  for  a  where  f^  ^  -  39  mega¬ 


cycles 


a  -  1.  4V  x  it*  ^(f  )^'  '  -  2.04  x  19  ^  neper s/muter 

me 


Thus,  the  complex  permittivity  of  the  dab  may  be  written 


«  '  -  j«  ''  =  1.-  993  x  10  -  j  8..  02  x  10  ^  farads/meter 


(l.'2>7'  jO.Ub  x  19  ^)  ;  fa  rads/rr.etcr 

o 


See  Figure  1 


(12370-J  9  06  x  10' 9  ),  C0 


/ 


CONCLUSION 


An  appr  oximate  method  toi  rep  re  sent  mg  a  forest  by  an  imperfect 
dielectric  slab  nas  been  presented  and  illustrated  by  an  example.  This 
method  is  presented  as  a  possible  approach  to  a  ratho  difficult  problem 
rather  than  as  a  proven  method  of  solution.  The  usefulness  of  the 
method  can  only  be  determined  be  considerable  experimental  work. 

Several  assumptions  have  been  made.  Some  of  the  more  important 
ones  arc: 

(l>  That  dielectric  mutwe  theory  ia  applicable  when 
objects  and  spacing*  are  both  significant  in  size 
compared  to  a  wavelenK'b 

{ t',  Thai  the  effects  of  interaction  between  leaves,  and 

octween  leaves  and  the  wood  and  bark  are  negligible, 

(3)  That  a  single  smooth  topped  homogeneous  slab 
can  represent  a  forest, 

(4;  That  leaf  placement  and  oriental  ion  are  random. 

I?  was  necessary  .  make  these  and  other  assumptions  in  order  to 
circumvent  problems  Drought  about  ■;>,  incomplete  data  in  some  areas 
and  avoid  an  excessive  amount  of  involved  mathematical  manipulation.". 
Some,  if  not  all,  of  thi  s.*  problems  cun  be  solved  or  rmtiga  jv 
additional  work  in  this  area. 


*  \ 

rnl  cxtcnsums  'i'id  rrfiMemen'  ore  possdjli  m  this*  area 

(1)  Further  testin''  n\i  >  show  that  th<  1 r  <  • »  stems 
should  be  considered  a**  conducting  bodies  rather 
than  dielectric  bodies  Tins  would  ’u  lomtaii;  a 
different  approach  to  calculating  the  effects  of  the 
wood 

(2)  A  more  a  ecu  rat  •  dielectric  theor*  wh'i-n  *aJ;i»s 
interaction  between  leaves,  and  possibly  between 
leaves  bark,  ind  wood  into  account  could  be 
applied 

<3;  More  conductivity  and  dielectric  mra  sit  rement « 

on  leaves  could  be  Tad-.:  to  determine  more 

accurately  the  frequency  range  in  which  the 

leaves  may  b«  considered  conduc 1 1 ve , 

39 

(4)  Ball  auggevt-d  that  his  e\pe notice s  indicate  that 
pine  forests  mar  attenuate  signals  in  the  region  of 
39  tr.egacvt  les  p<.  r  <-<  <  ot'CJ  more  than  hardwood 
forests.  Fix  per  urn-  u’a  1  work  is  needed  to  determine 
th'1  significance  oi  Bull  s  qualitative  obser'’ut  ons 
a  ud  niciki.  possibli  a  more  nceurnti  applu:.-  i  of 
the  imper.i  ct  dielectric,  slab  concept. 

(Si  ft  tnav  be  p.»*«ible  to  jpprox  inaielv  e'-al.iate  the 
■> 

'  R  loss  i*:  a  forest  and  dcunninc  whether  ,r  is 


a  significant  par;  of  the  total  signal  attenuation  by 
using  the  imaginary  parts  of  the  dieler*  nc*  constants 
of  wood  and  bark  determined  experimentally  and  the 
conductivity  of  the  leaves. 

(b)  More  than  one  dielectric  slab  or  perhaps  a  dielectric 
slab  whoso  properties  vary  ivnh  heigh*  and  1c-  •lion 
could  be  used  to  approximate  the  forest.  One  slab, 
for  example  might  be  used  to  represent  the  litter 
on  the  forest  floor,  a  second  to  include  the  under¬ 
brush,  a  third  to  include  the  stem  below  the  crown 
end  u  fourth  t.o  represent  the  crown. 

(7)  Some  means  of  conside  ring  the  fact  that  'he  top  01 
the  forest  is  not  flat  might  be  dev-»ed. 

It  would  be  possible-  to  bst  ever*  more  things  bu*  these  will  suffie- 
to  show  that  much  >=  s'lll  »o  be-  done 
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Ditton  Park,  Slough, 

Buck*  England 

Attn;  Dr.  J.  A.  Saxton 

Laboratoire  National  De  Radio  Electricite 
1?'  ’lue  de  Parii 
Baf.neaux 
Paris,  France 

Dr.  V.  A.  Counter  1 

Missile  Systems  Division 
Lockheed  Aircraft  Corporation 
Sunnyvale,  California 

Cornell  Aeronautical  Laboiatory,  Inc.  1 

of  Cornell  University 

4455  Genesee  Street 

Buffalo  21,  New  York 

Attn;.  Dr,  Walter  Flood 

Bendix  Aviation  Corporation  1 

Baltimore  4,  Maryland 
Attn;.  Dr.  Thomas  J.  Carroll 

The  Mitre  Corporation  l 

244  Wood  Street 

Lexington  73,  Mat3a'  husetts 

Attn;;  Mrs,  Jean  E.  Claflin,  Li’-rarian 


7 


Dist.  Lis?  for  Contract  AF  19(6Q4)-8038 

ESD  (SSRDN,  Mr,  II,  Norman  Wagman)  1 

L.  G.  Hanscom  Field 
Bedford,  Massachusetts 

AFCRL,  Office  of  Aerospace  Research  1 

(CRZPC-1,  R.  M.  Cunningham) 

L,  G,  Hanscom  Field,  Bedford  Massachusetts 

Commander  * 

U.  S.  Naval  Air  Missile  Test  Center 
Point  Mugu,  California 
Attn:;  Code  366 

Office  of  Naval  Research  1 

Department  of  the  Navy 
Washington  25,  D.  C, 

Attn;  Code  427 

C>  mmanding  Offict  r  1 

J.  a.  Naval  Air  Development  Center 
Johnsville,  Pennsylvania 
Attn:  NADC  Library 

Commanding  Officer  and  Director  1 

U.  S.  Navy  Electronics  Laboratory  (Library) 

San  Diego  52,  California 

Director  1 

U.  S.  Naval  Research  Laboratory 
Washington  25,  D.  C, 

Afn:  Code  r-l7Q 

Office  of  the  Chief  of  Naval  Operations  1 

Washington,  D.  C, 

Attn:  OP-551E 

Georgia  Tech.  Research  Institute  1 

Engineering  Experiment  Station 
722  Cherry  Street,  N,  W, 

Atlanta,  Georgia 


Dist,  List  for  Contract  AF  l9(604'/-8038 

Cornell  University 

School  of  Electrical  Engineering 

Ithaca,  New  York 

Attn:.  Dr,  W,  Gordon 

University  of  Michigan,  Willow  Run  Laboratories 
Willow  Run  Airport 
Ypsilanti,  Michigan 
Attn:  Mr.  Weston  Vivian 

Research  Laboratory  of  Electronics 
Chalmers  Institute  of  Technology 
Gothenburg,  Sweden 
Attn:  Christina  Walsh 

Documents  Division 
University  of  Illinois  Library 
Urbana,  Illinois 

*1.-’  .  od  Physics  Laboratory 
The  Johns  Hopkins  University 
8621  Georgia  Avenue 
Silver  Springs,  Maryland 
Attn:  Technical  Reports  Group 

University  of  Chicago 

Chicago  3',  Illinois 

Attr.;  Department  of  Meteorology 

Texas  A  &  M  College 
College  S'ation,  Texai 

Attn:;  Department  of  Dee? iQgraphy  and  Meteorology 

University  of  Florida 
College  of  Engineer. ng 
Gainesville,  Florida 

Attn:  Engineering  and  Industrial  Experiment  Station 

McGill  University 
Montreal,  Canada 

At'n.  Dr.  J.  S.  Mar  hall,  Department  of  Physics 
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Di»t,  List  for  Contract  AF  19(£04)-8038 

Massachusetts  Institute  of  Technology  *■ 

Lincoln  Laboratory 
P.  0.  Box  73, 

Lexmgton  73,  Massachusetts 
Attn;'  Mr.  J.  H.  Chisholm  -  C-357 

New  York  University  1 

181  Street  and  University  Avenue 
Bronx  New  York 

Attn:.  Department  of  Meteorology  fr  Oceanography 

University  of  New  Mexico  * 

Engineering  Experiment  Station 
A’buquerque,  New  Mexico 

Attn:  Donald  C.  Thorn,  Associate  Professor 

New  York  University  1 

Institute  of  Mathematical  Sciences 
i,  j  Waverly  Place, 

New  York,  New  York 
Attn;  Dr.  R.  Silverman 

The  Univereity  of  Arizona  1 

Institute  ol  Atmospheric  Physics 

Tucson,  Arizona 

Attn;  Georgia  W.  Savage 

Remaining  copies  to;  Hq.  AFCRL,  Office  of  Aerospace  Research 
CRU  L.  G,  Hanscom  Field 
Bedford,  Massachusetts  6 


